Lower back pain is one of the most important socioeconomic diseases and one of the most important health care issues today. On average, 50-90% of the adult population suffers from lower back pain and lifetime prevalence of lower back pain is 65-80%. The causes of lower back pain often remain unclear and may vary from patient to patient. It is estimated that 75% of such cases are associated disorders of the rachis mean back (kyphosis) or front (lordosis) pathological deviations, irreducible in various measures, resulting from structural diskligament and vertebral alterations of various etiologies. Three numerical models of the dorsal-lumbar spine, respectively a physiological model, a ipolordotic model and a kyphotic model, have been realized considering bone, disks and ligaments with their specific mechanical characteristics. For the load and boundary conditions chosen, joint facets and intervertebral disk stresses and disk bulge have been compared for the three spine situations. When it has been possible, the obtained results have been validated with data available in literature regarding both experimental and computational studies. In conclusion it can be assumed that dorsal-lumbar and lumbar sagittal spine disorders can determine premature disks and joints alterations. In particular, it seems that dorsal-lumbar kyphosis, more than lumbar ipolordosis, can expose joint facets and disks to non physiological loads. In addition, if the genetic role of disk degeneration is acknowledged, it is probable that the correction, at a precocious age, of sagittal spine imbalance, can prevent or slacken the disk-joint lumbar-sacral degenerative phenomena. The obtained results agree with the clinical experience.
Introduction
The concept of sagittal alignment and spine balancing has been introduced in literature in order to define the limit of normality of kyphosis and spinal lordosis. Different studies have been carried out regarding the thoracic and lumbar spine, but few have been carried out concerning the cervical spine, with evaluations of asymptomatic subjects, often volunteers, during growth or as adults. Only quite recent observations have highlighted how spinal-pelvic balancing alterations are responsible for premature lumbar intervertebral disk degenerations, lumbago or spondylolisthesis [3, 4] .
The basic loading modes acting on the spine, while performing daily activities, are axial compression, flexion/extension, lateral bending and torsion. Load is transferred from one vertebral end-plate to the next by means of nucleus pulposus and annulus fibrosus. Load produces complex stresses within the annular ring.
In order to compare joint facets and intervertebral disks stresses and disks bulging for different spine situations, three numerical models of the dorsallumbar spine, respectively a physiological model, an ipolordotic model and a kyphotic model, have been realized considering bone, disks and ligaments with their specific mechanical characteristics. The greatest difficulty in the numerical modelling of the spine is found in the simulation of the intervertebral disk.
Compression testing has been the most commonly used method for the study of mechanical behaviour of the intervertebral disk [5] [6] [7] [8] , but many experiments have been also done subjecting the intervertebral disk to bending and torsional loads and to pure share loading [9] [10] [11] [12] [13] . Its viscoelastic nature has also been determined [14] ; typically, all viscoelastic structures exhibit hysteresis, intervertebral disks also show this phenomenon in which there is loss of energy after repetitive loading-unloading cycles. Hysteresis has been observed to vary Considering the complex structure of the intervertebral disk and the diverse stresses to which it is subjected under physiological loading conditions, it is clear that experimental techniques alone are not sufficient to fully characterize the overall mechanical behaviour of the motion segment. This is corroborated by the technical complexities that precluded the measurement of the stress state, deformation and disk bulge at different locations throughout the motion segment. This provided the motivation for the development of numerical methods, such as finite element analysis, to expand the experimental data in order to characterize the intervertebral disk parameters, which may be difficult to measure experimentally. Many researchers have simulated the intervertebral disk mechanics using the finite element method. Belytschko et al [16] were the first to use the finite element method for understanding the intervertebral disk mechanics. The disk-body unit was assumed to be an axisymmetric object and annulus as a linear orthotropic material. This model was further expanded to accommodate the nonlinear (orthotropic) properties for the annulus, keeping all other parameters unchanged [17] . Different approaches were followed by Lin et al [18] and by Spilker [19] . The first attempt to make a realistic finite element model of the lumbar intervertebral disk, considering the composite nature of the annulus fibrosus, was made by Shirazi et al [20] . For the first time, this model accounted for both material and geometric nonlinearities along with the representation of the annulus as a composite of collagen fibres embedded in a matrix of ground substance. The nucleus was modelled as an incompressible, inviscid fluid. The model was based on the lumbar L2-L3 functional spinal unit. This model was compared to the experimental observations of load-displacement behaviour, disk bulge, end-plate bulge and intradiscal pressure. Stress and strain distribution in the cortical/cancellous bones, end-plates, annulus fibres and annulus ground substance were reported under compressive load. The same model was expanded to assess the effect of axial torque in combination with compression [21] and sagittal plane moments [22] . There were also significant efforts by other researchers to understand the intervertebral disk mechanics by taking into consideration the experimental results and physiological conditions of other spine components. Crisco and Panjabi [23] compared the lateral stabilizing potential of the lumbar spine muscles as a function of the architecture. Stabilizing effects of muscles on the overall mechanics of a lumbar spine were observed by Goel et al [24] .
A viscoelastic model to study the changes in load sharing during the fast and slow loading rate was analyzed by Wang et al [25] . It has been known for a long time that the biphasic nature (solid and fluid phase) of the disk components plays a major role in the loading mechanism of the hydrated intervertebral disk. In the late 1980s, there was an increasing interest in the modelling of the disk as a saturated porous media by using the poroelastic approach [26] [27] [28] . Important models are those worked out by Eberlein et al [29] , Vena et al [30] , Lavaste et al [31] and Cao et al [32] .
Many authors have studied pathological conditions of the functional spine unit related to disk degeneration processes, osteoporotic condition, end-plate fractures and different resections of the iatrogenic nature [33] [34] [35] [36] [37] [38] , but at the moment, as far as we know, the influence on joint facets and intervertebral disk stresses and the disk bulge of spinal-pelvic balancing alterations has not been studied.
Materials and methods
Starting from a CAD model of a spine available in the web [39], realized with CT images regarding a healthy 35-year-old male subject, a FEM model of the spine zone T11-S1, that later on we will call "physiological", has been worked out. The external three-dimensional geometry of vertebral bodies and disks from the starting CAD model have been utilized; spongious bone, nucleus pulposus and annulus fibrosus, constituents of the intervertebral disk, endplates, ligaments and muscles have been drawn afterwards. In order to verify the geometric reliability of the CAD model, it has been scaled and placed upon the RX and MR images that we had at our disposal, regarding a healthy subject, see fig. 1a ), b).
Afterwards the model was modified, based on RX and MR images that we had at our disposal, making the spinal curve pathologic, respectively ipolordotic and kyphotic; two further FEM models have been so realized, see fig. 2 . As regards the modelling of annulus fibrosus, the type of model suggested by Shirazi et al [20] has been adopted; three concentric layers of fibrous tissue in which bundles of connective fibres runs sideways from the nucleus to the outside, alternating their directions in the contiguous layers so as to form respectively 45-70-120º angles with regard to a horizontal plane, have been simulated.
The modelled materials are listed in table 1; mechanical properties agree with data found in the literature [20] .
Ligaments and muscles considered in the modelling, fig. 1b ), which give intrinsic stability to the spine, are shown in table 2 with their geometric and mechanical characteristics according with literature [23, 24, [40] [41] [42] . Solid elements have been used for the discretization of bone, nucleus pulposus, annulus matrix and endplates, while bar elements have been used for annulus fibres, ligaments and muscles.
The three models have been bound in correspondence with the sacrum and loaded with a vertical distributed force (350N) in correspondence with T11.
For the modelling, the commercial softwares Rhinoceros (Robert McNeel & Associates, Seattle, USA) and Patran/Nastran (MSC Software Corporation, Santa Ana, USA) have been used.
Results and discussion
Joint facets and intervertebral disks stresses and disk bulge have been compared for the three spine situations.
In figure 3 the results are shown as regards joint facets, in terms of mean von Mises stress values computed in the contact areas. From the analysis of the diagram it can be observed how, in the physiological model, stress values are highest in correspondence with the thoracic zone and the sacrum and lower in correspondence with the lumbar zone. As regards the kyphotic model, generally intervertebral facets appear more stressed than the other two models, except in correspondence with the sacrum, where we find a reduction of stress state compared with the physiological model. This result could be caused by the fact that in that zone rachis compensates with an ipolordosis. As regards the ipolordotic model, stresses on facets appear in every zone of the spine lower than in the other two models. Results have been compared and validated with results obtained by Goto et al [43] as regards a physiological model of a L4-L5 functional spinal unit.
In figure 4 the results are shown as regards intervertebral disks, in terms of mean von Mises stresses; the values shown represent the average stress of the whole intervertebral disk, including nucleus pulposus and annulus fibrosus. Both pathological models show a remarkable increase of stress values in correspondence of all zones of the spine if compared with those obtained with the physiological model. For the kyphotic model in particular, it is evident that there is high stress in correspondence of L5-S1 where, what's more, the MR images at our disposal showed a disk degeneration. In this case we compared and validated our results with those obtained by Natarajan and Andersson [44] as regards a physiological model of a L3-L4 functional spinal unit.
As regards disk bulge, both pathological models show a general increase, both in the sagittal and in the frontal plane, if compared with the disk bulge obtained for the physiological model; in particular, the increase is higher in correspondence of those zones that RX and MR images suggest at the risk of disk degeneration. 
Conclusions
The analysis carried out proves how geometric variations of the rachis curve, both at lumbar and thoracic level, conditions a lot of the stress distribution of the intervertebral disk and of the joint facets. In particular, simulations carried out with the realized models have shown a local increase of disk stresses and bulge in those zones where RX and MR images at our disposal showed degenerated disks. In the ipolordotic model, joint facet stresses are on average lower than in the physiological model, while in the kyphotic model, stresses reach higher values in correspondence of T12-L1. Intervertebral disk stresses are on average higher in the ipolordotic and in the kyphotic models than in the physiological model. Nevertheless, stresses are particularly higher in the kyphotic model in correspondence of T12-L1 and L5-S1. As regards bulge, the highest values are in L4-L5 and L5-S1. In conclusion it can be assumed that dorsal-lumbar and lumbar sagittal spine disorders can determine premature disk and joint alterations. In particular, it seems that the dorsal-lumbar kyphosis, more than the lumbar ipolordosis, can expose joint facets and disks to non physiological loads. In addition, if the genetic role of disk degeneration is acknowledged, it is probable that the correction, at a precocious age, of sagittal spine imbalance, can prevent or slacken the disk-joint lumbar-sacral degenerative phenomena.
